Angiogenesis is regulated by means of a balance between activators and inhibitors. However, little is known regarding the regulation of the quiescent state of adult vessels. Corticotropin-releasing factor receptor 2 (CRFR2) is found in both endothelial and smooth muscle cells (SMCs) in the vasculature, where its function has remained elusive. We have investigated the role of CRFR2 as a determinant of tissue vascularization by comparing control and CRFR2-deficient mice with immunohistological and morphometric techniques. To define the mechanisms responsible for CRFR2 inhibition of angiogenesis, we have also examined in vitro the effect of ligand activation on cell proliferation, cell cycle protein phosphorylation, and capillary tube formation. Our results demonstrate that mice deficient for CRFR2 become hypervascularized postnatally. Activation of this receptor in vitro results in reduced vascular endothelial growth factor (VEGF) release from SMCs, an inhibition of SMC proliferation, and inhibition of capillary tube formation in collagen gels. Treatment of a subcutaneously injected gel matrix with a CRFR2 agonist inhibits growth factor-induced vascularization. Western blots show that cell cycle retinoblastoma protein, which is essential for cell cycle progression, is decreased by CRFR2 agonist treatment in SMCs. These results suggest that CRFR2 is a critical component of a pathway necessary for tonic inhibition of adult neovascularization. CRFR2 may be a potential target for therapeutic modulation of angiogenesis in cancer and ischemic cardiovascular disease. A ngiogenesis is regulated by a balance between activators and inhibitors. Whereas adult neovascularization is normally limited to sites of wound healing and malignancy (1), transgenic mice overexpressing angiogenic factors such as vascular endothelial growth factor (VEGF) or angiopoietin demonstrate that increased vascularization in normal nonischemic tissue can occur under stimulatory conditions (2, 3). Inhibitors of angiogenesis have been shown to be important regulators during neovascularization in development and in tumor formation. Factors such as vascular endothelial growth inhibitor (VEGI), angiostatin, or pigment epithelium-derived factor can inhibit tumor growth by suppressing vascularization (4-6). While these inhibitory factors have been shown to be important for normal vascular development, little is known regarding the regulation of the quiescent state of adult vessels.
A
ngiogenesis is regulated by a balance between activators and inhibitors. Whereas adult neovascularization is normally limited to sites of wound healing and malignancy (1) , transgenic mice overexpressing angiogenic factors such as vascular endothelial growth factor (VEGF) or angiopoietin demonstrate that increased vascularization in normal nonischemic tissue can occur under stimulatory conditions (2, 3) . Inhibitors of angiogenesis have been shown to be important regulators during neovascularization in development and in tumor formation. Factors such as vascular endothelial growth inhibitor (VEGI), angiostatin, or pigment epithelium-derived factor can inhibit tumor growth by suppressing vascularization (4) (5) (6) . While these inhibitory factors have been shown to be important for normal vascular development, little is known regarding the regulation of the quiescent state of adult vessels.
Corticotropin-releasing factor (CRF) and its family of ligands including urocortin I (UcnI), UcnII (also known as stresscopinrelated peptide), and UcnIII (also known as stresscopin) are found in the periphery as well as in the central nervous system. While CRF is a critical coordinator of the hypothalamic-pituitary-adrenal axis in response to stress, it has also been shown to activate the sympathetic nervous system as well as to promote anxiety-like behaviors (7) (8) (9) . Central administration of CRF elevates blood pressure and heart rate, whereas peripheral administration of CRF or UcnI results in vasodilation and a decrease in blood pressure (10, 11) . The CRF family of ligands function by activation of their two known receptors, CRFR1 and CRFR2 (12) (13) (14) (15) (16) . These receptors are G-protein coupled, and their activation results in elevated cAMP levels and activation of cAMP-dependent protein kinase (PKA). These ligands differ in their localization as well as their affinity for the CRF receptors. Whereas CRF has a 10-fold higher affinity for CRFR1 than for CRFR2, UcnI has equal affinity for both receptors (17) . The more recently identified ligands, UcnII and UcnIII, are specific for CRFR2 (18) (19) (20) . Both CRFR1 and CRFR2 are expressed in the central nervous system and periphery. In the periphery, CRFR2 is expressed in cardiac myocytes and in the systemic vasculature. The peripheral vasodilation seen after infusion of CRF or UcnI has been attributed to activation of CRFR2, found in both endothelial cells (ECs) and smooth muscle cells (SMCs) of the blood vessel (21) (22) (23) (24) (25) (26) . To examine the endogenous role of CRFR2, we have investigated its action as a determinant of tissue vascularization. Using immunohistochemistry and sensitive morphometric techniques, we have quantifiably compared vascularization of CRFR2-mutant and control mice. Further, we have examined in vitro the possible mechanisms of CRFR2 inhibition of angiogenesis.
Methods
Whole-Mount Immunostaining. Tissues were taken from embryos removed at day 11, or postnatal days 2, 10, and 15 (n ϭ 4) and fixed in 4% paraformaldehyde for 2 days. Tissues were then bleached in Dent's fixative (4:1, vol͞vol, methanol͞DMSO) plus 5% hydrogen peroxide overnight at 4°C, washed in 1ϫ TBS (50 mM Tris⅐HCl, pH 7.5͞150 mM NaCl) plus 1% Tween-20, three times for 30 min each, and blocked with 5% goat serum in dilution buffer (0.5 M NaCl͞ 0.01 M PBS͞3.0% BSA͞0.3% Triton X-100) plus 1% DMSO overnight at room temperature (RT). Platelet-endothelial cell adhesion molecule (PECAM) antibody was added (PharMingen, 1:1000) to the blocking mix and incubated for 2 days at RT. Tissues were then washed in 1ϫ TBS plus 1% Tween-20 and 1% DMSO, three times for 1 h each. Secondary incubation (goat anti-rat horseradish peroxidase, 1:5000) was carried out overnight at RT. Tissue was washed as before. A final wash in 1ϫ TBS was done for 1 h. The peroxide reaction was carried out by glucose oxidase (Calbiochem) reaction mix incubated with tissue until an orangebrown color developed. Tissue was dehydrated in a methanol series and water was replaced with glycerol for clearing.
Microfil Polymer Perfusion. Microfil (Flow Tech, Carver, MA) perfusion was conducted by using a syringe pump and a 30 gauge needle placed in the left ventricle of the heart of anesthetized animals (n ϭ 4). The right atrium was opened to serve as a drain vent. The process was continued until the perfusate drained freely from the atrial vent. The animals were then placed at 4°C overnight to allow the polymer to cure. Specimens were dissected from the cured animals and dehydrated through an ethanol series: 25% day 1, 50% day 2, 75% day 3, 95% day 4, 100% day 5. Tissues were also bleached with 6% hydrogen peroxide on day 2. After dehydration, tissues were cleared in glycerol. For quantification of weight of vascular casts, perfused tissues were digested with proteinase K (10 g͞ml) overnight at 55°C. All tissues were identical in weight before digestion. After digestion, remaining Microfil casts were rinsed, dried, and weighed. For quantification of vessel numbers in cerebral cortex, perfused brains were embedded in gelatin͞albumin and sectioned (25 m in thickness) on a Vibratome. Four identical cortical regions were analyzed for each animal (n ϭ 3), and results were averaged. Vessel numbers were obtained by manually counting vessels within a fixed unit area [a 1.5 ϫ 1.5 inch (38 ϫ 38 mm) square] for all tissue sections in a high-resolution digital color camera enlarged image of each tissue section. For quantification of the cross-sectional diameter of large conductance vessels, images were enlarged by using the digital camera as described above. Four measurements per animal were taken for cerebral vessels and small intestine (n ϭ 3). For the kidney, the diameter of the renal artery immediately preceding vessel entrance into the kidney was measured for each animal (n ϭ 3). All data are reported as the mean for each group Ϯ SE.
Western Blot Analysis. For comparison of levels of phosphorylated retinoblastoma protein (Rb), SMCs were serum starved for 24 h before 24 h of Ucn treatment. Cells were then harvested for protein extracts. For comparison of VEGF levels, tissues were taken from control and CRFR2-mutant mice. Cells and tissues were homogenized in buffer (50 mM Tris⅐HCl, pH 7.4͞1 mM DTT͞2 mM MgCl 2 ͞1 mM EDTA͞0.5 mM PMSF͞5 g͞ml leupeptin͞2 g͞ml aprotinin). Protein extracts (40 g per lane as determined by Bradford assay for protein content) were separated by SDS͞10% PAGE (Novex, San Diego) and transferred to a nitrocellulose membrane. Blots were blocked in 5% nonfat dry milk for 1 h, washed in 1ϫ TBS plus 0. VEGF Production. Rat vascular SMCs plated at equal density on 6-cm tissue culture plates were treated with either Ucn (100 nM) or vehicle control. Twenty-four hours after treatment the conditioned medium was collected from each plate and the cells were washed and scraped into lysis buffer. VEGF concentration in the conditioned medium was determined by a sensitive ELISA (Quantikine M; R & D Systems). Protein content of cell lysates was determined by a standard Bradford assay.
Proliferation Assay. SMCs were treated for 48 h with Ucn (1 nM, 10 nM, 50 nM, 100 nM, 500 nM, or 1 M). Proliferation was assessed by a microtiter plate assay method (CellTiter 96; Promega). This assay is based on the cellular reduction of a tetrazolium salt to a formazan product and correlates closely with analysis of proliferation by [ 3 H]thymidine incorporation. SMCs were serum starved for 24 h before treatment. Results were determined on an ELISA plate reader at 570 nm.
Capillary Tube Formation in Vitro. The three-dimensional collagen gel assay was performed with rat aortic ECs suspended in a mixture of 2.5 mg͞ml rat tail type I collagen. The matrix solution was added to M199 culture medium supplemented with 150 mM Hepes, adjusted to pH 7.4 with sodium bicarbonate. Drops of 0.2 ml of the mixture of cells and matrix were pipetted onto six-well plates and allowed to solidify at 37°C for 30 min. Growth medium supplemented with either rat VEGF plus vehicle or VEGF plus 1 M Ucn was replenished daily. On day 4, phase-contrast pictures were taken and the gel drops were removed and embedded in OCT. For quantification, gels were sectioned and fixed in acetone and immunofluorescence with 4Ј,6-diamidino-2-phenylindole (DAPI) was measured. Cell counts were performed on three different sections for each treatment.
In Vivo Matrigel Matrix Assay. To evaluate the ability of Ucn to modulate the vascularization within a gel matrix, growth factorreduced Matrigel (Collaborative Research, Becton Dickinson, Bedford, MA; 600 l) containing heparin (20 units) and either basic fibroblast growth factor (bFGF; Sigma, 20 ng) or bFGF and Ucn (1 g) was subcutaneously injected into the hind flanks of wild-type mice. Before injection, mice were lightly anesthetized and their flanks were shaved. The Matrigel was kept on ice in cold syringes before injection and immediately solidified upon injection. Plugs were removed after 3 days, fixed in formalin, and embedded in paraffin. Gel sections (10 m in thickness) were then stained with hematoxylin and eosin.
Results and Discussion
Hypervascularization of CRFR2-Deficient Mice. These studies revealed a profound increase in blood vessel density in adult CRFR2-mutant mice.
To determine at what stage of development this hypervascularization occurs, tissues from control and CRFR2-mutant mice were whole-mount immunostained for PECAM. Comparisons of all tissues examined showed no differences in blood vessel density at embryonic day 11 ( Fig. 1 a and b) or postnatal day 15 ( Fig. 1 c  and d) . Microfil high-resolution vascular casts demonstrated that the increased vessel density occurs by postnatal day 21 ( Fig. 1 e and  f ) and is also seen in adults (Fig. 1 g-l) . PECAM whole-mount immunostaining of adult tissues also shows the hypervascularization of CRFR2-mutant mice (data not shown). To quantify the hypervascularization in the CRFR2-mutant mice, Microfil-perfused tissues were digested with proteinase K (Fig. 2 a and b) . Tissuedigested Microfil casts from CRFR2-mutant mouse tissues weigh significantly more than casts from control mouse tissues (Fig. 2c) . Start weights of the tissues before proteinase K digestion were not different (kidney: control 1.1 Ϯ 0.09 g, knockout 1.1 Ϯ 0.04 g; stomach: control 1.0 Ϯ 0.04 g, knockout 0.99 Ϯ 0.04 g; gastrointestinal tract: control 0.98 Ϯ 0.02 g, knockout 0.98 Ϯ 0.03 g). Comparison of the cross-sectional diameter of the large conductance vessels for each tissue revealed significant increases in vessel size in the CRFR2-mutant mice (Fig. 2d) . Microfil-perfused tissues were also fixed and sectioned to better compare tissue vascularization and size (Fig. 2 e-j) . Brain cortical sections were quantified for vessel numbers for each animal and revealed significantly more vessels in the CRFR2-mutant mice than in similar cortical regions in controls (Fig. 2k ). These findings suggest a possible role for CRFR2 as a regulator of tissue vascularity, as in its absence vessel number and size are increased. Thus, CRFR2 signaling may represent a previously unrecognized pathway of tonic vascular inhibition that differs from pathways involving other known inhibitory factors. Interestingly, despite a much larger vascular surface area, CRFR2-mutant mice are also hypertensive (27) . Although the mechanism of this hypertension is not currently known, it is possibly related to an increase in the number of peripheral small resistance vessels in these mice in conjunction with a loss of tonic vasodilatory effects of CRFR2 ligands.
CRFR2 Regulation of VEGF.
To gain insight into the mechanism whereby the absence of CRFR2 results in increased vascularization, tissues from control and mutant mice were analyzed by Western blotting for VEGF content. VEGF, as an EC-specific mitogen and a major mediator of pathological angiogenesis, is required for survival, as mice deficient for even one allele of this gene die during development (28, 29) . Western blot analysis of brown and white adipose tissues and pituitary gland demonstrated increased VEGF levels in tissues from CRFR2-mutant mice (Fig. 3a) . To further examine the effect of CRFR2 activation on VEGF production, rat SMCs were treated for 24 h with the CRFR2 agonist Ucn. After treatment, VEGF levels were measured by ELISA. Results show a significant decrease in detectable VEGF after the Ucn treatment (vehicle 414.22 Ϯ 7.4 pg͞ml, Ucn 384.04 Ϯ 8.2 pg͞ml; P Ͻ 0.01), suggesting possible involvement of CRFR2 in modulation of VEGF production. Even small alterations in VEGF levels can result in dramatic changes in vascularity, as demonstrated by the profound phenotype and embryonic lethality in mice deficient for even one VEGF allele (28, 29) . Therefore, loss of CRFR2 suppression of VEGF expression could be a contributing mechanism by which hypervascularization occurs in the CRFR-mutant mice.
CRFR2 Inhibition of Cellular Proliferation.
To further elucidate the mechanism whereby CRFR2 activation may inhibit blood vessel growth, we examined the effect of Ucn treatment on SMC proliferation and EC tube formation. SMCs were treated with Ucn and assayed for effects on cellular proliferation. These studies reveal a dose-responsive and significant inhibition of SMC proliferation by Ucn (Fig. 3b) . Terminal deoxynucleotidyltransferase-mediated dUTP end labeling (TUNEL)-positive staining for detection of apoptosis did not reach a level beyond background for basal or Ucn treatment, indicating that the Ucn-induced decrease in proliferation was not a result of increased cell death (data not shown).
CRFR2 Inhibition of the Cell Cycle.
To determine the possible mechanism whereby activation of CRFR2 may inhibit cell proliferation, we examined by Western blot the expression of the cell cycle protein Rb in SMCs after Ucn treatment. Rb is the product from a retinoblastoma tumor suppressor gene and functions as the checkpoint at which DNA damage is caught. In rapidly proliferating cells, Rb is highly phosphorylated; it is in its least phosphorylated state in resting cells (30) . We found that Ucn treatment dose dependently decreased the phosphorylation of Rb (Fig. 3f ) . These results support the role of CRFR2 as an inhibitor of cell proliferation, as decreased levels of Rb phosphorylation indicate increased inhibition of the cell cycle.
Ucn Inhibition of Angiogenesis. Ucn treatment also inhibits the VEGF-stimulated formation of capillary-like tubes in threedimensional collagen gels containing rat aortic ECs (Fig. 3 c and d) . Formation of elongated, bifurcating tubules that pervade the gel matrix ( Fig. 3 c1 and d1) were inhibited with the addition of Ucn (Fig. 3 c2 and d2) . A decrease in the number and size of tubules as well as the number of branches formed was observed. Quantification of EC number in gel sections shows significantly fewer cells in the Ucn-treated gels (Fig. 3e) . To examine Ucn effects on in vivo vascularization, we subcutaneously injected Matrigel (a basement membrane matrix) containing bFGF that induced formation of an intricate network of vessels within 3 days in mice (Fig. 3 g1) . However, treatment of the gel with Ucn in addition to bFGF completely inhibited this vascularization (Fig. 3 g2) . Fixed and stained Matrigels recovered from these animals showed endothelial cell migration, and large capillaries formed in the bFGF gels (Fig.  3 g3) , whereas no cells or vessels were detected in the Ucn-treated gel sections (Fig. 3 g4) .
These results support the hypothesis that the endogenous role of vascular CRFR2 may be inhibition of proliferation, possibly by means of an effect on the endothelial cell cycle, and͞or an indirect effect by means of a modulation of SMC VEGF production. Actions of CRFR2 ligands have been shown to produce a multitude of effects involving the peripheral vasculature, including vasodilation and sustained hypotension (17, 23, 25, (31) (32) (33) . Ucn administration elevates cardiac contractility in conscious animals (34) and inhibits heat-induced edema (35) . Interestingly, CRF, which is a CRFR1-selective ligand having 10-fold lower affinity for CRFR2, has been shown to stimulate endothelial cell chemotaxis and enhance angiogenesis in epithelial-cell tumors (36) . While these effects are in opposition to results shown here, the action for CRF may be through a different receptor or mechanism than that occurring through CRFR2 activation.
Effects of CRFR2 activation on vascularization are of particular interest for therapeutic modulation of angiogenesis. The increased vascularity observed in the CRFR2-mutant mice involves not only an increase in tissue capillaries but also a profound increase in both the size and number of larger conductance vessels. These larger conduits are likely to be particularly important to the success of stimulated angiogenesis in the treatment of ischemic tissue beds, wherein the problem is not a decrease in local capillarization, but rather a loss of tissue perfusion because of decreased large vessel For the kidney, the renal artery was measured; for the gastrointestinal (GI) tract, the mesenteric artery was measured; and for the brain, the cerebral surface vessels were measured. Stom, stomach. Data are mean Ϯ SEM; n ϭ 3; ‫,ء‬ P Ͻ 0.05; ‫,ءء‬ P Ͻ 0.01. (e-j) Sectioned tissues of Microfil casts for testicular artery (e and f ), spleen (g and h), and cerebral cortex (i and j), showing increased vascular density in the CRFR2-mutant mice ( f, h, and j) compared with control (e, g, and i). Arrows indicate cerebral vessels in CRFR2 control (i) and mutant (j) mouse brains, demonstrating increased size in CRFR2 mutant mice. (Scale bars represent 0.2 mm.) (k) Quantification of vessel counts in cerebral cortex. Wt, wild type; Mut, CRFR2 mutant. Data are mean Ϯ SEM; n ϭ 3; ‫,ء‬ P Ͻ 0.05.
conductance. Also of significant interest are the results showing that the hypervascularity in the CRFR2-mutant mice does not occur in early development, but appears to be a progressive process continuing into adulthood. This observation supports the premise of stimulated therapeutic angiogenesis and suggests that under optimal circumstances marked increases in both large and small vessels can be induced in established vascular beds. This previously undescribed role for CRFR2 may present the field of therapeutic angiogenesis with a mechanism by which vessel densities can be increased not only in number, but also in size; providing a potential major advantage over current strategies now being tested in clinical trials (37) (38) (39) .
In summary, CRFR2-mutant mice are hypervascularized. CRFR2 activation inhibits SMC proliferation as well as EC tube formation in vitro, and also inhibits growth factor-induced vascularization of a Matrigel matrix in vivo. The Ucn-stimulated decrease in phosphorylated Rb demonstrates a direct action of CRFR2 on inhibition of cell proliferation. Together, results from these studies demonstrate a critical role for CRFR2 in tonic regulation of angiogenesis and remodeling of the juvenile and adult vasculature, suggesting that CRFR2 may be a potential new target to modulate angiogenesis in diseases such as cancer or ischemic cardiovascular disease.
